Hydraulic jump is a useful means of dissipating excess energy of a supercritical flow so that objectionable scour downstream is minimized. The present study applies gene expression programming (GEP) to estimate hydraulic jump characteristics in sudden expanding channels. Three types of expanding channels were considered: channels without appurtenances, with a central sill, and with a negative step. 1,000 experimental data were considered as input data to develop models.
INTRODUCTION
The correct estimation of hydraulic jump characteristics is of great importance in hydraulic engineering, as it directly affects the planning, design and management of hydraulic structures. The hydraulic jump is a natural phenomenon that occurs when supercritical flow is forced to change to subcritical flow by an obstruction to the flow. Hydraulic jump has been used to prevent scouring downstream from the hydraulic structures by dissipating excess energy in water flowing over these structures. It is also used to raise the water level on the downstream to provide the requisite head for diversion into channels. Depending on the geometry of the channel and tailwater conditions, the hydraulic jump can assume several distinct forms. So far, various studies have been conducted to explain the complex phenomenon of the hydraulic jump and to estimate its characteristics. Hughes & Flack () investigated the effect of various roughness designs on the hydraulic jump properties in stilling basins. Hager & Bremen () investigated the influence of wall friction on the sequent depths ratio. Bhutto et al. () developed analytical solutions for computing sequent depth and relative energy loss for free hydraulic jump in sloping and horizontal rectangular channels. Finnemore & Franzini () stated that the characteristics of the hydraulic jump depend on the properties with altering flow characteristics. Bilgin () studied the correlation and distribution of shear stress for turbulent flow in a smooth rectangular basin. However, the existing equations rely on a limited database, untested model assumptions, and a general lack of field data, and do not show the same results under variable flow conditions. These issues cause uncertainty in the prediction of hydraulic jump phenomenon; therefore, it is critical to utilize methods which are capable of predicting hydraulic jump characteristics within the basins under varied hydraulic conditions.
In recent years artificial intelligence tools (e.g. artificial neural networks, neuro-fuzzy models, genetic programming (GP) and support vector machine) have been used for the assessment of the accuracy of hydraulic and hydrologic complex phenomena, such as prediction of suspended sediment concentration (Kisi & Shiri ) , prediction of scour caused by 2D horizontal jets (Karbasi & Azamathulla ) , modeling the rainfall-runoff process (Nourani et al. ) , predicting total bed material load (Roushangar et al. a) , prediction of lake level (Aytek et al. ) , and predicting the mean flow velocity in alluvial channels (Kitsikoudis et al. a, b) .
Genetic expression programming (i.e. gene expression programming (GEP)) approach has been applied in modeling various components of water resources systems including: developing stage-discharge curves (Azamathulla et al. ) , forecasting daily lake levels (Kisi et al. a) , predicting energy dissipation over spillways (Roushangar et al. b) , rainfall-runoff process (Kisi et al. ) , modeling bridge pier scour (Azamathulla et al. ) , estimation of characteristics of a hydraulic jump over a rough bed (Karbasi & Azamathulla a) , estimation of daily suspended sediment load (Shiri & Kisi ) and suspended sediment modeling (Kisi et al. b) .
This study aimed to assess the capability of the GEP approach for modeling hydraulic jump properties in sudden expanding channels. The models were prepared under various input combinations (based on the hydraulic characteristics and geometry of the channels and applied appurtenances) in order to find the most appropriate input combination for modeling hydraulic jump characteristics in sudden expanding channels. Then, the accuracy of the best GEP model was compared with the accuracy of several existing empirical equations.
MATERIALS AND METHODS

Data sets
The data sets of laboratory experiments of hydraulic jump performed by Bremen () and Gandhi () were used in the present study, and were collected for three types of sudden expanding channels. The ranges of various parameters used in the experiments are listed in Table 1 . The experiments of Bremen () were carried out at the Laboratoire de Constructions Hydrauliques of the Ecole Polytechnique Federale de Lausanne (EPFL), which were intended for expanding channels without appurtenances, with a central sill, and with a negative step (see Figure 1) . During experiments, the 17 m Froude number (2 < Fr < 9) was used for experiments.
Gene expression programming
Ferreria () developed GEP algorithm using fundamental principles of the genetic algorithms (GA) and GP. GAs are the heuristic search and optimization techniques that mimic the process of natural evolution. Thus, GA implement the optimization strategies by simulating evolution of species through natural selection (Bhattacharjya ) . GP, a branch of GA, is a method for learning the most 'fit' computer programs by means of artificial evolution, and GEP is an extension to GP that evolves computer programs of different sizes and shapes encoded in linear chromosomes of fixed length. The fundamental difference between the three algorithms resides in the nature of the individuals: in GAs the individuals are symbolic strings of fixed length (chromosomes); in GP the individuals are non-linear entities of different sizes and shapes (parse trees); and in GEP the individuals are encoded as symbolic strings of fixed length (chromosomes) which are then expressed as non-linear entities of different sizes and shapes (expression trees (ETs)).
One strength of the GEP approach is that the creation of genetic diversity is extremely simplified as genetic operators work at the chromosome level. Another strength of GEP consists of its unique, multigenic nature, which allows the evolution of more complex programs composed of several subprograms. As a result, the GEP surpasses the old GP system by a factor of 100-60,000 (Guven ) . GEP mimics the biological evolution to create a computer program for simulating a specified phenomenon. The problems are encoded in linear chromosomes of fixed-length as a computer program (Ferreria ) which are then expressed or translated into ETs.
There are five major steps in the GEP algorithm: the terminal set, the function set, fitness function, control parameters, and stop condition. The first major step is to identify the set of terminals to be used in the individual computer programs. The major types of terminal sets contain the independent variables of the problem, the state variables of the system and the functions with no arguments. The second step is to determine the set of functions (þ, À, ×, /, 
Classical equations
The majority of research work on hydraulic jump has been concentrated on channels and flumes to develop the governing equations describing the complex phenomenon of the hydraulic jump process. These proposed methods are based on statistical correlations, a combination of the theoretical models, logical assumptions, and the experimental information. Under variable hydraulic conditions, the obtained results of these formulas often differ from each other. The semi-theoretical formulas used in this study are listed in Table 2 .
Performance criteria
In this study, the total data were divided into three sets: the training, validation, and testing set (see Table 3 ). 60% of the whole data were used for training, 20% of data were used for validating, and the rest 20% of data were used to test the model. The training set trains the scheme on the basis of a minimization criterion and the validation set is used as a stopping criterion for training to avoid overfitting to the data. The testing set is used to evaluate the generated model and assess its generalization capability (Kitsikoudis et al. a, b) . It should be noted that the order of the data sets was selected in a way such that the training data set contains a representative sample of all the behavior in the data in order to obtain a model with higher accuracy. One method for finding a good training set which can give good accuracy both in training and testing sets, is an instance exchange which starts with a random selected training set (Bolat & Yildirim ) . Table 3 shows several statistical measures for the training, validation, and testing sets. Evaluating the performance of a model is commonly done using different statistical indexes.
In this study, the efficiency of the GEP models was evaluated using four statistical indexes: the determination coefficient Sequent depth ratio
For free jump in expanding channel without appurtenances
(1)
For free jump in expanding channel without appurtenances (2)
For free jump in horizontal smooth bed
Silvester () Lj ¼ 6:02 × Hj For free jump in horizontal smooth bed (8) Loss of energy
For free jump in expanding channel (9) (9). The smaller the RMSE and MAE and the larger the DC and R, the higher the accuracy of the model.
where Predicting the intended parameter using non-normalized data may lead to undesirable results, therefore, in this study, all utilized data were normalized before modeling by scaling between 0.1 and 1. This will increase the training speed and the capability of the model. The following equation was used to normalize the utilized data in this study:
where x n , x, x max , and x min are the normalized value of variable x, the original value, the maximum and minimum of variable x, respectively.
Simulation and model development
Input variables
The efficiency of the models throughout the modeling process can be affected using various parameters as input combinations. Therefore, the appropriate selection of parameters is an important step during modeling process. 
where V 1 is pre-jump velocity, μ is dynamic viscosity of water, g is acceleration due to gravity, L j is length of jump, ρ is density of water, E L is E 1 ÀE 2 in which E 1 and E 2 are energy per unit weight before and after the jump.
From dimensional analysis and using parameters y 1 , g and μ as repeating variables, Equation (12) can be represented as following:
Equation (13) can be expressed as:
where showed that the length of hydraulic jump depends on the height of jump and flow Froude number. Therefore, in this study, several models based on channel and appurtenances geometry and characteristics of upstream flow were considered for prediction of hydraulic jump characteristics (see Table 4 ).
RESULTS AND DISCUSSION
GEP models
In the present study a soft computing approach (GEP) has The transposable elements of GEP are fragments of the genome that can be activated and jump to another place in the chromosome. There are three kinds of transposable elements in GEP model: short fragments with a function or terminal in the first position that transpose to the head of genes, except to the root (IS elements), short fragments with a function in the first position that transpose to the root of genes (root IS elements or RIS elements), and entire genes that transpose to the beginning of chromosomes (Ferreria ) . Also, the inversion operator is restricted to the heads of genes. Here any sequence might be randomly selected and inverted. The certain rates of genetic operators which define a certain probability of a chromosome were determined based on a trial and error process. Each GEP model was evolved until there was no significant change in the fitness function value, and then the program was stopped. The parameters related to trained GEP models were then tuned using refining process. Refining process is a method to optimize the parameters and size of developed GEP-based models. Parameters of the optimized GEP model are shown in Table 5 .
Expanding channels without appurtenances
For predicting the hydraulic jump characteristics in expanding channel without any appurtenances, several models were developed using the upstream flow characteristics and expanding channel geometry as input variables. The results of the GEP models are shown in Table 6 and Figure 2 . for modeling the sequent depth ratio and relative energy dissipation performed more successfully than the other models.
From the obtained results of statistical parameters (MAE,
It was deduced that using y 1 /B as an input parameter improved the efficiency of the models, which confirms the importance of the expansion ratio in hydraulic jump characteristics estimating process in expanding channels. Table 6 , for the channel without appurtenances, the models of a symmetric channel yielded better predictions than an asymmetric channel. Figure 2 shows the verification between measured and estimated values of test series for the best models.
Expanding channels with appurtenances
Expanding channels with a negative step
The results of GEP models for predicting the hydraulic jump characteristics in channel with a negative step are shown in Table 7 and Figure 3 . The results of Table 6 indicated that for modeling the sequent depth ratio and relative energy dissipation, the model S(II) with parameters Fr 1 and y 1 /B was more successful than the other models. It was observed that in the jump length prediction process in expanding channel with a negative step, the model L(IV) with input parameters Fr 1 , S/y 1 led to more accurate predictions in the symmetric channel, while for the case of the asymmetric channel the model L(II) with parameters Fr 1 , (y 2 Ày 1 )/y 1 represented higher efficiency. Based on the results it could be inferred that for modeling the length of hydraulic jump in basins with a negative step, using parameters of y 2 /y 1 and S/y 1 increased the accuracy of the models. Parameter S/y 1 confirms the importance of the relative height of the applied step in hydraulic jump characteristics predicting process in channels with negative step. In this case, the developed models represented higher accuracy for the asymmetric channel than the symmetric channel.
Expanding channels with a central sill
For modeling the hydraulic jump characteristics in sudden expanding channel with a central sill, some models based on the flow condition and applied appurtenance geometry were developed. Then, the influence of the central sill in the modeling process was assessed. All of the GEP models were trained and tested to carry out the sequent depth ratio, length of hydraulic jump and relative energy dissipation ratio prediction in expanding basin. The obtained results are given in Table 7 and The key point of GEP is that it is able to give the explicit expression of the relationship between the variables.
The mathematical expressions of GEP for all cases are as Table 8 .
Sensitivity analysis
To investigate the impacts of different parameters applied in the hydraulic jump characteristics prediction via GEP, sensitivity analysis was done (for the channel with a central sill). In order to evaluate the effect of each independent parameter, the model was run with all input parameters and then, one of the input parameters was eliminated and the GEP model was re-run. Two error criteria (RMSE and MAE) were used as indications of the significance of each parameter. Table 9 shows the obtained results of sensitivity analysis. In Table 9 , ΔRMSE and ΔMAE represent the percentages of added values to the error criteria for each eliminated parameter.
Based on the results listed in Table 9 , it can be deduced that the variable Fr 1 had the most significant impact on the hydraulic jump characteristics.
Combination of data
For estimating hydraulic jump characteristics in sudden expanding channels with different appurtenances, and for evaluating the applicability of the applied technique for a wide range of data; all data series of hydraulic jump were combined. Then, for predicting the parameters of Y, L j /y 1 and ΔE L /E 1 , as the dependent variables, the best GEP models were analyzed for the combined data set. The obtained results are given in Table 10 and Figure 5 . Comparison between Tables 6, 7 and 10 indicated that the GEP models for combined data set did not show the desired accuracy especially for the jump length. It was found that analyzing data sets separately lead to more accurate results. 
Comparison of the best GEP models with classical equations
The experimental data of test series were used to evaluate the applicability of several existing equations for hydraulic jump characteristics. The overall performance of each Channel without appurtenances
Channel with negative step
Channel with central sill
equation is presented graphically in a plot of observed hydraulic jump characteristics against their computed values. Four evaluation criteria (R, DC, MAE, and RMSE)
were used as indications of the accuracy of the equations.
Then a comparison was performed among the best GEP models of a channel with a central sill and a channel Figure 6 , it could be 
CONCLUSION
The modeling of the hydraulic jump characteristics has great importance since it directly affects the designing of hydraulic structures. In the present study, the capability of the GEP approach was verified for predicting hydraulic jump characteristics in sudden expanding channels. The GEP method was applied for three types of expanding channels: channels without appurtenances, with a central sill, and with a negative step. The capability of the selected approach was assessed for combined and separate data sets. A comparison was also made between GEP models and some semi-empirical equations from the literature. 
